ABSTRACT Sprayable, microencapsulated (MEC) sex pheromone formulations represent a promising tool for achieving mating disruption, yet often lack sustained effectiveness in the Þeld, making repeated applications necessary. This study evaluated the impact of adding Purespray Green horticultural oil as an adjuvant to 3M MEC-LR, an MEC formulation of (Z)-11-tetradecenyl acetate, on disruption of mate-Þnding behavior in Choristoneura rosaceana (Harris) in small-plot trials in experimental apple orchards. Treatments consisting of MEC-LR in water, MEC-LR in water ϩ 2% (vol:vol) Purespray Green, and a water control were applied to plots of apple using an airblast sprayer at a rate of 100 g of pheromone/ha. Disruption caused by foliar treatments was evaluated over a 7-wk period using mark-release recapture experiments in the Þeld and concurrent bioassays in a ßight tunnel. Disruption of orientation to 2-d-old, calling, virgin females was used as a measure of treatment effect in all experiments. Both pheromone alone and pheromone ϩ oil treatments signiÞcantly disrupted male mate-Þnding behavior for a period of Ն21 d in ßight tunnel assays and Ն42 d in mark-recapture Þeld trials. The addition of oil did not signiÞcantly enhance the disruption activity nor increase the longevity of the MEC pheromone formulation. Our results show the compatibility of spraying MEC pheromone with a horticultural oil, and techniques for applying an oil-pheromone formulation to maximize the control impact of this combination are discussed.
The obliquebanded leafroller Choristoneura rosaceana (Harris) (Lepidoptera: Tortricidae) is a native, multivoltine, polyphagous insect that is widely distributed throughout temperate North America (Chapman and Lienk 1971) . Historically, C. rosaceana has been considered a minor pest of apple, but in recent years, its importance has increased to the point that it is now considered a major secondary pest of apples in many regions (Lawson et al. 1996 , Waldstein et al. 2001 , Trimble and Appleby 2004 . Broad-spectrum insecticides have traditionally been used to control C. rosaceana, but with growing concerns about environmental impact and development of resistance to insecticides, the need for effective, environmentally sound control methods compatible with "softer" integrated pest management (IPM) programs has increased.
Pheromone-based mating disruption has been successfully used as a speciÞc and effective management tool for many economically important Lepidoptera (Cardé and Minks 1995 , Stelinski et al. 2003 , Judd and Gardiner 2004 . Although hand-applied dispensers are currently the most widely used technology method, microencapsulated (MEC) pheromone formulations represent a promising alternative (Polavarapu et al. 2001 , Albajes et al. 2002 , Judd et al. 2005 , IlÕichev et al. 2006 . MEC pheromone formulations have several distinct advantages over hand-applied dispensing systems: (1) easy application reduces labor costs associated with hanging dispensers Gut 2004, Kovanci et al. 2005) , (2) tank mixing with compatible pesticides, fertilizers, or horticultural oils reduces frequency of spraying (Waldstein and Gut 2004) , and (3) easily adjustable application rates make them suitable as late-season supplements to enhance existing, hand-applied mating disruption (Kovanci et al. 2004) .
Despite the clear beneÞts of sprayable MEC formulations, their release rate properties often limit effectiveness and longevity in the Þeld. MEC pheromone formulations are generally characterized by a high initial release rate that quickly drops within several days and ßattens out at low levels (Hall and Marrs 1989 , Polavarapu et al. 2001 , Albajes et al. 2002 . Rapid loss of pheromone under Þeld conditions is likely compounded by degradation of both pheromone and microcapsule polymer wall on exposure to UV light (Waldstein and Gut 2004) . Reduced longevity of these MEC formulations means they often require multiple applications, unlike hand-applied dispensers, which release pheromone at a stable and elevated rate for up to 120 d , IlÕichev et al. 2006 . A second factor affecting the efÞcacy and longevity of MEC pheromones is the poor retention of microcapsules on crop foliage, especially if overhead irrigation is employed (Knight et al. 2004 ). Exposure to rainfall signiÞcantly reduces microcapsule density on apple foliage (Knight et al. 2004, Waldstein and Gut 2004) , and although adjuvants such as spray stickers are commercially available, they only moderately improve the rainfastness of pheromone microcapsules on leaves (Knight et al. 2004) .
One possibility for improving both the release rate properties and rainfastness of MEC pheromones might be the use of horticultural oil as a spray adjuvant. Horticultural oils are used extensively as adjuvants for many pesticides and fungicides (Lasota and Dybas 1991 , Steurbaut 1993 , Taverner et al. 2001 , Rae 2002 , Zabkiewicz 2002 ), but to the best of our knowledge have not been tested with MEC pheromones. The use of horticultural oil in pest management has a long history (Agnello 2002) and is increasingly Þnding a place in current apple IPM programs (Fernandez et al. 2005) . Given this increasing use of horticultural oil, it would be useful to know whether it is compatible with MEC pheromone, and whether disruption of pheromone communication and mating by application of MEC pheromone might be improved by combining it with horticultural oil. Judd et al. (2006a) found that formulations of MEC pheromone and horticultural oil release pheromone at a more constant rate than do water-only formulations, and in laboratory trials, release more pheromone at time intervals Ͼ6 d postapplication. We tested whether this elevated and sustained release rate proÞle of oil-formulated MEC pheromones in the laboratory translated into improved Þeld efÞcacy for disrupting pheromone communication in C. rosaceana.
The objective of this study was to examine and compare the relative level and longevity of disruption caused by MEC pheromones formulated with and without horticultural oil after their application to plots in apple orchards. Using both Þeld trapping and laboratory ßight tunnel bioassays, we tested the hypothesis that a sprayable formulation consisting of horticultural oil and MEC pheromone would disrupt mate-Þnding behavior of male C. rosaceana more effectively, and for a longer period of time, than a formulation consisting of MEC pheromone alone.
Materials and Methods
Insect Cultures. All experiments were conducted using a laboratory colony of C. rosaceana originally collected in the Okanagan and Similkameen Valleys, British Columbia, Canada, and maintained since 1995. The colony was infused before this study with Ϸ200 wild insects collected as larvae from apple orchards in the Similkameen and Okanagan Valleys. Insects were reared on a modiÞed pinto beanÐ based diet (Shorey and Hale 1965) at 23ЊC under a 16:8-h L:D photoregimen in a controlled-environment chamber. Pupae were separated by sex and placed in separate 10-liter plastic buckets. For ßight tunnel experiments, emerged adults were collected daily, placed in different 10-liter buckets, and held under rearing conditions until needed. Males were separated from females to ensure no pheromone exposure before experiments. For Þeld experiments, emerged adults were collected daily, put in 10-liter buckets, provisioned with a wet cotton wick, and placed in a shaded area near one of the test orchards to acclimatise to Þeld conditions. Pest Management Products. 3M MEC-LR, a formulation of MEC (Z)-11-tetradecenyl acetate (Z11Ð14: Ac), was provided by 3M Canada (London, Ontario, Canada) and stored at 4ЊC until use. 3M MEC-LR constitutes 20% Z11Ð14:Ac by weight and was prepared for Þeld spraying by tank-mixing 35 g of commercial product in 100 liters of water. Purespray Green horticultural oil (Batch 655-0602; Petro-Canada, Mississauga, Ontario, Canada) is a highly puriÞed, nC23 horticultural mineral oil prepared with an emulsiÞer that allows mixing in water (emulsiÞer used is proprietary information of Petro-Canada). This oil was chosen because of its organic certiÞcation (Organic Materials Review Institute, Eugene, OR) and high purity (Ͼ 99.9% parafÞn content), which reduces the risk of phytotoxicity and makes it suitable for summer use when applied at concentrations of 2% or less. Purespray Green was diluted to a concentration of 2% in water (vol:vol) by tank-mixing 2 liters of the commercial oil in 98 liters of water.
Field Sprays. Three experimental apple orchards at the PaciÞc Agri-Food Research Centre (Agriculture and Agri-Food Canada, Summerland, British Columbia, Canada) were used in this study. These orchards received no synthetic insecticide sprays in 2006. All three orchards were irrigated solely by means of drip irrigation throughout the experimental period (28 June to 23 August, 2006) . Orchard 1 (48 by 78 m, 15 rows of trees) was a high-density planting of Spartan apples, orchard 2 (33 by 110 m, 12 rows of trees) was a high-density planting of McIntosh apples, and orchard 3 (65 by 110 m, 22 rows of trees) was a highdensity planting of Gala apples. Within each orchard, three 20 by 25-m plots (0.05 ha total area) were established as far apart as possible, with at least a 5-m buffer between plots and orchard edge. Following a randomized complete block design, each plot was assigned one of the following three treatments: (1) water control, (2) MEC Z11Ð14:Ac mixed in water and applied at 100 g (AI)/ha, and (3) MEC Z11Ð14:Ac applied at 100 g (AI)/ha in a 2% (vol:vol) Purespray Green plus water mixture. Treatment 3 was prepared by Þrst adding the MEC Z11Ð14:Ac to water and agitating for 5 min before adding oil. All sprays were applied at a rate equivalent to 1,021 liters water/ha that approximated the label-recommended commer-cial application rate of 1,000 liters/ha for Purespray Green. All sprays were applied early in the morning with a tractor-drawn airblast sprayer, and plots in each orchard were randomly chosen to receive sprays in the following order: (1) water, (2) MEC, and (3) MEC ϩ oil. Orchards 1, 2, and 3 were sprayed on 5, 6, and 7 July 2006, respectively. Because of the relative proximity of control and treatment plots (20 Ð30 m), plastic sheeting (3 m high) was erected vertically around each control plot during treatment spraying to minimize drift, although no drift between plots was observed during any application.
Flight Tunnel Assessment of Disruption. Male C. rosaceana were exposed to leaves harvested from treatment plots to test the disruption effect and longevity of the pheromone formulations in a laboratory ßight tunnel. All ßights were done in a pushing-type ßight tunnel described in detail by Evenden et al. (1999a, b) . The ßight section of this tunnel was 2.45 m long and 1 m high. Air was pushed uniformly through the tunnel by a variable speed fan and exhausted directly out of the building by a downwind, centrally located exhaust fan. The tunnel was illuminated from above by uniform, diffuse white light from six 25-W incandescent bulbs held in a light box positioned 17 cm above the tunnel. The mean light intensity in the center of the tunnel was 1.0 lux. For all experiments, the wind speed in the center of the tunnel was held constant at 0.30 Ð 0.40 m/s, and the tunnel temperature was 22Ð24ЊC.
Moths were assayed in ßight tunnel tests at 7, 15, 21, 28, and 42 d after pheromone application in the Þeld. Assays using leaves from each of the three orchards were conducted on 3 consecutive days to ensure equal treatment aging for each replicate orchard. On each ßight day, 14 leaves were picked from each of the three experimental plots within a given orchard. Only one leaf was picked per tree, and only trees toward the center of each plot were used. Leaf picking alternated between the bottom and top halves of adjacent trees, and only relatively ßat leaves facing the inside of the row were picked. Leaves from each plot were sealed in separate plastic bags, brought back to the laboratory, and a 3.5-cm-diameter leaf disc was cut from each leaf. To minimize variation associated with sampling a section of the leaf, all discs were cut to border both the mid-vein and leaf edge. Leaf discs were placed in the bottom of cylindrical wire-mesh release devices (3.5 cm diameter by 1.5 cm height) with the adaxial leaf surface facing upward.
Six female moths (4 Ð 48 h old) were brießy chilled at 2ЊC, placed in individual wire-mesh cages measuring 3 cm 3 , and positioned at the downwind end of the ßight tunnel 60 min before the onset of scotophase. Thirty min before lights-off, male moths (24 Ð96 h old) were chilled at 2ЊC. At the onset of scotophase, six males (two per foliar treatment) were placed on leaf discs in individual release devices. A removable metal lid was placed on each release device, and all six release devices were immediately brought into the tunnel room. Release devices containing males on MEC-treated and MEC ϩ oilÐtreated leaves were placed in a small fume hood adjacent to the tunnel, and control males on water-treated leaves were placed directly beside the fume hood. This process was repeated every 12 min until all 42 male moths were in the tunnel room. Forty-Þve minutes after lights-off, one cage containing a calling female was placed on a small metal platform positioned 45 cm above the tunnel ßoor and 20 cm from the upwind end. Individual male moth ßights to the calling female commenced exactly 1 h after lights-off. One release device containing a male moth still sitting on the treated leaf disc from the Þrst randomly selected treatment was placed on a sliding cart at the side of the tunnel and pushed into the center of the pheromone plume by a lever operated from outside the tunnel. Males were given 5 s in the plume and released when the lid was lifted by means of an attached line operated from outside the tunnel. Male responses were scored as positive (ϩ) or negative (Ð) for wing fanning, take-off from the release device, lock-on to pheromone plume, oriented upwind ßight, and contact with the cage housing the female (source contact). Time to source contact was recorded as the time from the lid being lifted to the male contacting either the female cage or the platform. Males were given a maximum of 1 min to respond and leave the release device and were quickly aspirated out of the tunnel after each ßight. Flights were initiated every 2 min so that each male spent 60 Ð70 min on the treated leaf disc under scotophase conditions before the bioassay. In total, N ϭ 11Ð14 individual male ßights per treatment were done for each replicate orchard at each time period after treatment application. After each ßight day, the tunnel was wiped down with ethanol, and the wire-mesh release devices, female cages, and the female resting platform were rinsed with acetone and baked for Ն12 h at 200ЊC.
We conducted a preliminary ßight tunnel experiment to determine whether foliar treatment with a 2% oil-water mix (vol:vol) had any effect on the mateÞnding behavior of male moths. Flights were conducted as described above, but untreated leaves were picked from the orchard, randomly divided into two groups, and hand-sprayed with either a 2% oil-water mix or water only at a rate equivalent to 1,000 liters water/ha using a Preval hand sprayer (Precision Valve, Yonkers, NY) positioned 25 cm above leaf. Leaf discs were cut from air-dried leaves as above. Over 3 d, 52 water-exposed and 53 oil-exposed males were alternately ßown to calling females in the ßight tunnel.
Field Assessment of Disruption. Concurrent with ßight tunnel bioassays of disruption, we conducted a Þeld trial to measure how effectively catches of male moths in female-baited traps were disrupted by the various treatments in the three orchards. Marked, laboratory-reared male moths were released and recaptured 7 d before any spray application to test whether there was any preexisting bias in catches among plots within each orchard. Subsequent releases were made 1, 5, 12, 19, 26, 35, 42 , and 49 d after pheromone spray. Males were released into orchards 1, 2, and 3 on 3 consecutive days to ensure that treatment applications (Judd et al. 2006b ). Fortyeight female moths (24 Ð 48 h old) were collected at the same time as the male moths, chilled at 2ЊC, and placed individually in small Þberglass mesh bags (8 by 5 cm). All moths were immediately transported to test orchards in a cooler. Within each plot, two femalecontaining mesh bags were Þxed to the inside roof of each of the four Delta traps, and each of the nine male release devices was hung Ϸ1 m above the ground in the canopy and immediately opened to allow the males to escape. After two nights in the orchard, sticky trap inserts were collected, returned to the laboratory, and examined under UV light to identify marked moths. The number of males of each color caught in each trap was recorded. Statistical Analyses. For the ßight tunnel bioassays, analysis of variance (ANOVA) was performed on percentage of males exhibiting a particular behavior at each assay time postspray (SAS Institute 1998). Percentage data were arcsine square root transformed before analysis to improve normality, and FisherÕs least signiÞcant difference (LSD) test was used to identify signiÞcantly different treatment means at each postspray assay time. To test for differences between the MEC and MEC ϩ oil treatments over time, the percent of male moths making source contact from each treatment was Þrst converted to percent disrupted by using the formula: percent disrupted ϭ (C Ϫ T)/C, where C ϭ percent of males from control group making source contact and T ϭ percent of males from treatment group making source contact. Percentages were then arcsine square-root transformed, and a one-way repeated-measures (RM) ANOVA was conducted (PROC GLM; SAS Institute 1998), with treatment as the main factor and each postspray assay time as the repeated measure. At each postspray assay time, differences in time to source contact for males from different treatment groups exhibited signiÞcant heteroscedasticity and were analyzed using a KruskalWallis test on ranks followed by DunnÕs multiple comparison procedure using Sigmastat 3.0.1 software (SYSTAT Software, San Jose, CA). Time to source contact on day 7 was excluded from the analysis because of the low number of MEC ϩ oil males making source contact. In our preliminary ßight tunnel experiment, the percentage of water-exposed and oilexposed males making source contact were compared using a 2 test, and time to source contact for the two groups was compared using a MannÐWhitney U test (Sigmastat 3.0.1).
For the Þeld experiment, the percentages of released males recaptured in each treatment group 7 d before spraying and each subsequent postspray assay time were analyzed using a two-factor (randomized block) ANOVA with orchard as the blocking factor. As with ßight tunnel data, Þeld recapture data were converted to percentage of males disrupted, arcsine square-root transformed, and analyzed with a twofactor (randomized complete block) RM ANOVA with treatment as the main factor, orchard as a blocking factor, and each time replicate as the repeated measure (SAS Institute 1998). For all statistical tests, signiÞcance levels were set at ␣ ϭ 0.05.
Results
Flight Tunnel Assessment of Disruption. At each postspray assay time, Ͼ90% of all males exposed to water-treated control leaves exhibited all pre-and postßight behaviors in response to a calling female (Table 1 ). The majority of pheromone-exposed moths exhibited both wing-fanning and take-off ßight in response to the female-produced plume, but at 7 and 14 d after treating leaves, there was a sharp drop in the number of pheromone-exposed moths that were able to lock on to the plume (Table 1) . On day 7, the percentages of moths engaging in each behavior while exposed to the MEC ϩ oil treatment were numerically lower than those exposed to the MEC treatment, but none of these differences were statistically signiÞcant. In all treatments, most males that successfully locked on to the pheromone plume also ßew upwind and made source contact.
The percentages of males making source contact treatments were signiÞcantly different at day 7 (F 2,4 ϭ 12.84, P ϭ 0.018), day 14 (F 2,4 ϭ 15.60, P ϭ 0.013), and day 21 (F 2,4 ϭ 11.37, P ϭ 0.018) postspray (Fig. 1A) . At day 28 (F 2,4 ϭ 1.07, P ϭ 0.42) and day 42 (F 2,4 ϭ 5.86, P ϭ 0.065) postspray, the percentages of males that made source contact among treatments were no longer signiÞcantly different (Fig. 1A) . When these data were converted to the percent males disrupted, RM ANOVA showed no signiÞcant difference in level of disruption between MEC-exposed moths (mean ϭ 32.7% disruption) and MEC ϩ oil (mean ϭ 42.0% disruption) (F 1,4 ϭ 1.97, P ϭ 0.23) over the course of the experiment (Fig. 1B) . The effect of time was highly signiÞcant (F 4,8 ϭ 17.98, P ϭ 0.001); however, the time ϫ treatment interaction was not signiÞcant (F 4,8 ϭ 1.52, P ϭ 0.28).
Control males contacted the calling female signiÞ-cantly faster than males exposed to treatment leaves at day 15 (H ϭ 10.79, df ϭ 2, P ϭ 0.005) and at day 21 (H ϭ 25.84, df ϭ 2, P Ͻ 0.001) postspray (Table 2) . Although MEC ϩ oilÐ exposed moths took slightly longer to locate the female than MEC-exposed moths on days 15 and 21, this difference was not statistically signiÞcant. At day 28 (H ϭ 5.5, df ϭ 2, P ϭ 0.063) and day 42 (H ϭ 5.4, df ϭ 2, P ϭ 0.068) postspray, the times to source contact were not signiÞcantly different among treatments.
We found no difference in mate-Þnding behavior of males sitting on water-sprayed leaves compared with males on oil-treated leaves. Forty-three of 52 control moths compared with 43 of 53 oil-exposed moths made source contact ( 2 ϭ 0.01, df ϭ 1, P ϭ 0.92), and the time to source contact by control moths (13.9 Ϯ 1.3 s) was not signiÞcantly different (T ϭ 1720, df ϭ 1, P ϭ 0.45) than that of oil-exposed moths (13.7 Ϯ 1.6 s).
Field Assessment of Disruption. Seven days before any spray application, there were no differences in the percentages of released males recaptured in female-baited traps among orchards or plots used for each treatment (F 2,4 ϭ 0.457, P ϭ 0.662; Fig. 2A ). After applying foliar treatments the percentage of released males recaptured in control plots was significantly greater than in both the MEC-and MEC ϩ oilÐtreated plots on day 1 (F 2,4 ϭ 25.1, P ϭ 0.005), day 5 (F 2,4 ϭ 33.4, P ϭ 0.003), day 12 (F 2,4 ϭ 48.5, P ϭ 0.002), day 19 (F 2,4 ϭ 12.9, P ϭ 0.018), day 26 (F 2,4 ϭ 35.3, P ϭ 0.003), day 35 (F 2,4 ϭ 37.2, P ϭ 0.003), and day 42 (F 2,4 ϭ 10.5, P ϭ 0.025) postspray ( Fig. 2A) . On day 49, trap catches increased markedly, with catches in all treatments not signiÞcantly different (F 2,4 ϭ 5.65, P ϭ 0.068). The two-factor RM ANOVA on percent males disrupted showed no signiÞcant difference in the level of disruption between MEC-exposed moths (mean ϭ 80.1% disruption) and MEC ϩ oilÐ exposed moths (mean ϭ 84.3% disruption; F 1,2 ϭ 0.44, P ϭ 0.57) over the course of the experiment (Fig. 2B) . The effect of time on the percent disruption was signiÞcant (F 7,14 ϭ 5.84, P ϭ 0.003), but the time ϫ treatment interaction was not (F 7,14 ϭ 1.63, P ϭ 0.21; Fig. 2B ).
Discussion
Our results indicate that MEC Z11Ð14:Ac formulated with and without horticultural oil signiÞcantly disrupted mate-Þnding behavior of male C. rosaceana for at least 21 d in ßight tunnel assays and 42 d in Þeld assays compared with water-sprayed controls. Our ßight tunnel experiment showed that, for at least 21 d after applying foliar treatments, 1 h of contact with treated leaves signiÞcantly reduced male mate-Þnding behavior. Because these ßight tunnel experiments were conducted with females calling in a background of clean air, the only source of synthetic pheromone acting as a disruptant arose from the leaf surfaces on which males rested. These results show an important difference in the mechanism(s) by which MEC pheromones likely cause disruption compared with pointsource pheromone dispensing systems (Judd et al. 2005) . The possibility that males were disrupted by false trail following (Bartell 1982) , a mechanism of communication disruption invoked by attractive, point-source dispensing systems (Miller et al. 2006) , is eliminated in these ßight tunnel assays. Therefore, it seems likely that only noncompetitive mechanisms of communication disruption are invoked by this unattractive MEC pheromone treatment. Possible disruptive mechanisms that caused the observed behavioral effect in our ßight tunnel tests include masking of the female plume by synthetic pheromone arising from the leaf surface, transient antennal adaptation while males were sitting on treated foliage, a longer-lasting form of antennal adaptation induced by the 1-h preexposure (Stelinski et al. 2003) , or some form of central nervous system habituation. In a future paper, we will examine the possible mechanisms of disruption in more detail, including habituation (Evenden et al. 2000) , that may be invoked when male C. rosaceana alight on pheromone-treated surfaces.
Using identical treated plots, Þeld assays showed signiÞcant treatment efÞcacy for 42 d, whereas ßight tunnel assays showed treatment efÞcacy for only 21 d. This difference may be a result of several factors, including the malesÕ direct placement in the femaleproduced plume in ßight tunnel assays and the small size (3.5 cm diameter) of the treated leaf disc on which males sat. Under Þeld conditions, the effects of atmospheric permeation with pheromone from a multitude of pheromone-treated leaves may expose the N ϭ 3 replicates of 11Ð14 males ßown at each postspray assay time per treatment. Means within a column for each behavioral category followed by the same letter are not signiÞcantly different (FisherÕs LSD, P Ͼ 0.05).
male to much higher levels of pheromone, combined with a longer time period for pheromone exposure that may induce neurological effects. Flight tunnel assays allow a detailed analysis of the entire sequence of male pheromone-mediated behaviors under controlled, artiÞcial conditions, whereas Þeld trials allow an examination of male response to females under more natural conditions, although controlled for density of released males between treatments. Although comparing results for formulation longevity between the two assays is difÞcult, the use of both assays simultaneously makes the test for differences between the MEC and MEC ϩ oil treatments more robust. This study tested the hypothesis that adding horticultural oil to a MEC pheromone formulation would enhance the effectiveness of the formulation over time. We hypothesized that, under Þeld conditions, the oil might stabilize pheromone release rate over time by absorbing and rereleasing pheromone or by physically blocking its release from the microcapsule. Scanning electron micrographs taken of the MEC ϩ oilÐsprayed leaf surface clearly showed microcapsules embedded in oil to varying degrees (A.H.W.-P., unpublished data). The results of this study showed that MEC pheromone formulations are compatible with horticultural oils, because disruption was equivalent with and without oil. In both ßight tunnel and Þeld assays, the signiÞcant effect of time indicates that both treatments lost efÞcacy as the formulations aged in the Þeld. However, the oil did not signiÞcantly slow the loss of efÞcacy of MEC pheromones over time, because no signiÞcant treatment ϫ time interaction was found in either assay. In the ßight tunnel assays, assessment of the individual, pheromone-mediated behaviors showed no increased effect of the addition of oil to MEC pheromone (Table 1) , nor was there an effect of the addition of oil on the time it took successful males to make source contact (Table 2) . Percent source contact by males exposed to MEC or MEC ϩ oil treatments rose in tandem as the formulations aged in the Þeld. Although the Þeld results showed a trend toward the MEC in water treatment losing efÞcacy more rapidly than the MEC ϩ oil treatment, there was no clear indication that the addition of the oil was helping to suppress trap catch over time.
There may be several explanations as to why we saw no increase in the longevity of the MEC ϩ oil formulation in our assays. It is possible that oil is absorbed relatively quickly by the waxy cuticle of leaves and that microcapsules initially sitting in pools of oil eventually end up exposed in a similar fashion to those sprayed without oil. Horticultural mineral oils are generally known for their short residual activity (Ebbon 2002) , penetrating into plant tissues either through the cuticle or stomata (Zabkiewicz 2002) . After several weeks in the Þeld, there may simply not be enough oil persisting on plant surfaces to have a signiÞcant effect on either pheromone release rate or microcapsule rainfastness. Although a host of studies have shown a positive effect of petroleum-derived spray oils on the physical rainfastness of various herbicides and insecticides on plant tissues (Taylor and Matthews 1986 , Wilson 1989 , Kudsk et al. 1991 , Kudsk 1992 , these effects are usually tested within hours or days of the spray being applied, not over several weeks, as in our study. However, because we were unable to develop a reliable method for directly counting the microcapsules on foliage, the long-term effects of oil on microcapsule rainfastness remains to be tested directly.
This study showed no signiÞcant improvement of the MEC formulation through the addition of horticultural oil; however, it clearly showed that the addition of oil does not reduce the effectiveness of the MEC pheromone treatment. One possibility for maximizing the synergistic effects of oil and pheromone might be to apply repeated applications of oil alone after the initial MEC ϩ oil spray. This would repeatedly coat the microcapsules with oil, replacing oil absorbed into the leaf, and potentially stabilizing pheromone release rate over a longer period of time. Although the risk of chronic phytotoxic effects can increase with repeated applications of horticultural oil (Hodgkinson et al. 2002) , eight Þeld applications of a 2% solution of the nC23 summer oil Orchex 796 did not cause any signiÞcant phytotoxicity on apples in the western United States (Brunner et al. 1996) . Furthermore, using this spraying scheme against C. rosaceana might provide additional control through the more conventional insecticidal action of horticultural oil. Orchex 796 caused Ͼ90% mortality when applied topically to eggs of C. rosaceana (Brunner et al. 1996) , and Purespray Green is an effective ovicide when applied topically against both newly laid and fully developed egg masses (A.H.W.-P., unpublished data). The combination of mating disruption targeting adult stages along with control of other life stages could be an effective and relatively straightforward control method.
The concept of using horticultural oil as an adjuvant for MEC pheromones is also compatible with more frequent, low-rate applications of pheromone. In this study, we examined a single, high-rate application of MEC pheromone; however, more frequent, low-rate applications of MEC pheromones are increasingly being recommended to maintain more consistent levels of pheromone throughout the adult ßight period (Polavarapu et al. 2001 , Kovanci et al. 2005 , IlÕichev et al. 2006 . The low phytotoxicity of the oil would be compatible with multiple sprays during the growing season, with the added beneÞts of the oil on controlling the egg stage of the insect. Furthermore, several studies on mating disruption in C. rosaceana have shown that disruption is not more effective at higher pheromone application rates , Lawson et al. 1996 , Evenden et al. 1999c ). In the only other study to examine mating disruption of C. rosaceana with MEC pheromones, Trimble and Appleby (2004) concluded that increasing the rate of pheromone per spray would not improve the level of disruption. The concept of using more frequent, low-rate applications of pheromone and oil needs to be tested against C. rosaceana, because at lower application rates the beneÞts of oil on the release-rate properties of MEC pheromone may be realized.
At the initiation of this work, the Controlled Delivery Products Division of 3M in London, Ontario, Canada, was interested in improving MEC-LR formulations for use against leafrollers. Although this product is no longer commercially available in Canada, the compatibility of MEC formulations and horticultural oils shown in this study could apply to a wide range of currently available MEC products. As growers seek safer alternatives for control of insecticide-resistant lepidopteran pests, both horticultural oils and pheromone-mediated mating disruption will become more prominent tools. If IPM strategies for different pests are to be optimized, it is important to show which control strategies are compatible with each other and whether it is possible to combine them in a positive, synergistic fashion. This study represents a Þrst step in assessing the mating disruption effect of a sprayable pheromone in combination with a horticultural oil, with formulations remaining active in the Þeld for 6 wk. This novel approach may provide a viable IPM tool for organic and conventional growers alike by targeting , 5, 12, 19, 26, 35, 42, and 49 d postspray. different life stages of the pest insect simultaneously.
